Plasmodium elongatum, an avian malarial parasite, differs from other such parasites by infecting both the circulating red blood cells and the hematopoietic cells. The exoerythrocytic development of P. elongatum occurs mainly in these red cell precursors. The fine structure of the asexual stages of P. elongatum has been studied in the bone marrow and peripheral blood of canaries and compared with that of the asexual stages of other avian malarial parasites. With minor di erences, the merozoites of P. elongatum possess the same organelles as those in the exoerythrocytic merozoites of P.fallax and the erythrocytic stages of P. cathemerium, P. lophurae, P. fallax, and P. gallinaceum. The developmental sequence is also essentially similar to that of other avian malarial parasites, in that upon entry into a new host cell, the dedi 7erentiation, growth, and redifferentiation phases take place. However, we have found some important differences in the feeding mechanism of P. elongatum. The cytostome is involved in the ingestion of host cell cytoplasm in both exoerythrocytic and erythrocytic stages, in contrast to P. fallax, in which the cytostome is inactive in the exoerythrocytic stages. In P. elongatum, host cell cytoplasm is ingested through the cytostome, and "boluses" are formed and incorporated into a large digestive vacuole. Subsequently, the digestion of the boluses takes place in this digestive vacuole. Thus, in regard to the function of the cytostome, the exoerythrocytic stages of P. elongatum appear to be closely related to the erythrocytic stage which has a feeding mechanism similar to that of the erythrocytic stage of other avian malarial parasites.
INTRODUCTION
In 1935, Huff and Bloom (14) described in detail the morphology of an avian malarial parasite, Plasmodium elongatum, in the bone marrow, peripheral blood, spleen, and liver of canaries. Using both dry and wet smears, they observed several features which make this parasite unique among malarial parasites. Unlike other avian malarial parasites, P. elongatum is capable of living in all forms of blood and hematopoietic cells, and malarial pigment is produced only by the parasites infecting hemoglobin-containing cells. Huff and Bloom also observed that the merozoites have elongated contours, which resemble those of coccidia, and not the rounded merozoites of other malarial parasites.
At about the same time, the existence of the tissue phase of malarial parasites which inhabit cells other than erythrocytes began to be discovered by various investigators (23) . To these, the term "exoerythrocytic stages" used by James and Tate (15) in 1938 has been generally applied. Thus, the phase of P. elongatum which inhabits the cells of bone marrow other than erythrocytes is considered as being the exoerythrocytic stages of this parasite. It appears, however, to differ from the exoerythrocytic stages of other avian malarial parasites. For example, the exoerythrocytic stages of P. cathemerium, P. fallax, P. lophurae, and P. gallinaceum are usually found in the endothelial cells and macrophages, whereas the exoerythrocytic stages of P. elongatum inhabit hematopoietic cells. Secondly, the exoerythrocytic stages of P. elongatum within the immature cells of the erythrocytic series may become the erythrocytic stages without changing host cells, as the immature host cells become mature red blood cells. On the other hand, the exoerythrocytic stages of other avian parasites have to change their host cells in order to become the erythrocytic stages. Because of these unique characteristics of P. elongatum, we have studied its fine structure in the bone marrow and peripheral blood and compared its fine structure with that of the exoerythrocytic and erythrocytic stages of other avian malarial parasites.
MATERIALS AND METHODS
Plasmodium elongatum used in this investigation (obtained from Dr. R. D. Manwell, Syracuse University, Syracuse, N. Y.) was maintained by weekly intravenous passages in canaries at the laboratory of the Department of Parasitology, Naval Medical Research Institute, Bethesda, Md. To obtain material for examination with the electron microscope, the femur of canaries showing a 5 10% parasitemia in peripheral blood was split with a sharp knife blade and the bone marrow was carefully removed. Also, about 0.5 cc of blood was drawn from the jugular vein of the birds.
The small pieces of bone marrow and the blood were immediately fixed for 1 hr at room temperature in 1.25% glutaraldehyde solution, buffered with 0.05 M of phosphate solution at pH 7.3 and containing 4% sucrose (28) . The blood was centrifuged for 10 min at 2 0 0 g. The resulting pellets and pieces of bone marrow were washed several times in 0.05 M of phosphate buffer solution and left in the last wash for at least 1 hr. Following the wash, the tissues were postfixed in 1% osmium tetroxide for 1 hr. The tissues were dehydrated in an ascending ethanol series and in propylene oxide, and embedded in Epon 812. Thin sections were then cut on a Porter-Blum MT-2 ultramicrotome with a Dupont diamond knife or with glass knives. The sections thus obtained were mounted on 300 copper mesh grids and stained with 1% uranyl acetate and lead citrate (24) . The material was examined with a Siemens Elmiskop I electron microscope.
OBSERVATIONS

Host Cells
Various forms of the asexual stages of P. elongatum were found in different types of bone marrow cells as well as mature red blood cells of the canary. However, since more than 90% of the host cells infected with the parasite consists of stem cells and cells of the erythrocytic series (14) , we will describe only these cells in this report.
The terminology used for the cells of bone marrow and peripheral blood of canaries follows the terminology of Lucas and Jamroz (17) who classified cells of the erythrocytic series into erythroblast, early, mid-and late polychromatic erythrocytes, reticulocytes, and mature erythrocytes. These are the terms we shall use in this paper.
The stage of maturation of stem cells and cells of the erythrocytic series can be determined by several factors, including (a) decrease in cell size, (b) decrease in volume ratio of nucleus to cytoplasm, (c) disappearance of nucleoli, (d) increased nuclear density, with clumping of chromatin material, (e) gradual decrease of ribosomes in the cytoplasm, (f) increase of hemoglobin in cytoplasm, and (g) decrease in number of cytoplasmic organelles.
Stem cells, antecedent to the blast cells, have a large nucleus, spherical to oval in shape. There is no obvious pattern of density variations in this FIGURE 1 Low magnification micrograph of the bone marrow of a canary. The sinusoidal space is lined by cells of the reticuloendothelial system and contains various kinds of immature and mature cells. A large round cell with a large nucleus may be a stem cell (S). The erythroblast (Eb) possesses a large nucleus and numerous ribosomes in the cytoplasm. Several polychromatic erythrocytes (Pe) are also present in the sinusoid. The cytoplasm of the polychromatic erythrocytes is darker than that of stem cells and erythroblast, but still possesses numerous ribosomes. Also present is an erythrocyte (E), the cytoplasm of which is markedly osmiophilic and contains very few ribosomes. Several of these cells are infected with P. elongatum (P), and the size of host cells appears to be increased. One erythroblast contains several merozoites. X 6,000.
nucleus except along the narrow rim of the periphery (Fig. 2) . The chromatin which appears to be composed of granular and filamentous areas is rather uniformly dispersed and is intermingled with interchromatin granular material of similar density. This type of chromatin is often referred to as "euchromatin" which is considered to be the metabolically active form (9) . At the periphery of the nucleus, the chromatin is slightly clumped in aggregated dense granules of irregular outline. This form of the chromatin is frequently called "heterochromatin" and is considered to be inactive metabolically (9) . As the cells of the erythrocytic series progress toward maturation, areas of heterochromatin increase and areas of euchromatin appear to decrease. This observation may indicate that the nucleus of the stem cell is active, whereas the nucleus of the more matured cells may become less active metabolically.
Prominent nucleoli which appear to be composed of granules resembling ribosomal particles are seen in the nucleus of stem cells. The cytoplasm of the stem cells possesses numerous uniformly distributed free ribosomal particles (Figs. 1, 2) and some of the particles are also distributed along the endoplasmic reticulum. Apparently the abundance of ribosomes in the cytoplasm gives the cell an intense basophilia when stained for light microscopy (22) . The endoplasmic reticulum is rather sparse and appears to be mostly of a rough-surfaced type. Several mitochondria, elongated to rounded in shape, are evenly distributed in the cytoplasm (Fig. 1) . The slender lamellar mitochondrial cristae often extend all the way across the organelles. Mitochondrial granules are not generally observed. 'lhe Golgi apparatus appears as an assemblage of flat saccules or cisternae piled one upon the other.
The large nucleus of the erythroblast reveals more pronounced clumping of the chromatin in the central areas as well as in the periphery when compared to that of the stem cells (Figs. 1, 3) . The clumping of the chromatin in the central area frequently appears to be associated with the nucleoli. The nucleoli are often observed, but are not so prominent as in the stem cell. The cytoplasm contains numerous uniformly distributed ribosomes and lightly stippled areas which may represent accumulations of hemoglobin ( Fig. ) . Other organelles, such as mitochondria, some endoplasmic reticulum, and the Golgi apparatus, similar in morphology to those seen in the stem cells, are also distributed in the cytoplasm of the erythroblasts.
As the erythroblasts progress toward maturation, they become polychromatic erythrocytes. FIGURE 2 A portion of a stem cell from the bone marrow of canary. The cytoplasm is filled with numerous free ribosomes. The nucleus (N) shows clumping of chromlatin material at the periphery; the rest of the nucleus has diffusely dispersed chromatin composed of granules and fibrils (arrows). The nuclear pores (Np) are prominent, and no clumping of chromatin is observed in their vicinity. X 65,000.
FIGURE
A portion of an erythroblast. The cytoplasm again shows numerous ribosomes. These appear to be slightly fewer than those in a stem cll and their matrix is slightly darker. The clumping of chromatin is more prominent and extends front the periphery of the nucleus (N). The granules of clumped chromatin are larger than those of the stem cell. X 74,000. FIGURE 4 A portion of a polychromatic erythrocyte. The ribosonles in the cytoplasm appear to be decreased in number, and some of them are in the form of polyribosonmes. The matrix is more osmiophilic than that of the sten cells and erythroblasts, indicating the increased accumulation of hemoglobin. The nucleus (N) shows the clumping of chromatin composed of larger anmid denser granules. The interchromiatin space has the same density as the cytoplasm, which indicates that hemoglobin is also present in the ucleus. X 74,000. 6 An ivagination of the cell surface which appears to be covered with fibrillar material. X 90,000.
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THE JOURNAL OF CELL BIOLOGY . VOLUME 34, 1967 The polychromatic erythrocytes appear smaller than erythroblasts and the ratio of nucleus to cytoplasm seems to decrease (Fig. 1) . The nucleus shows an increased clumping of chromatin which becomes much coarser, with large chromatin masses distributed throughout the nucleus (Fig. 1) . The nucleoli appear to be smaller and rather inconspicuous in these cells. Ribosomes in the cytoplasm appear to decrease in number (Fig. 4) , and they are occasionally in clusters or in the form of polyribosomes. The cytoplasmic matrix becomes darkened (Fig. 4) . Mitochondria, endoplasmic reticulum, and Golgi apparatus are present, though their number seems decreased. Microtubules, or marginal bands, are prominent along the cell periphery and encircle the entire cell (Fig. 5 ). Occasionally the cross-section of these microtubules is observed as a cluster of tubules, each of which measures 190-210 A in diameter. These microtubules are also observed in reticulocytes and mature erythrocytes, but are not so prominent in erythroblasts or stem cells. Along the cell surface are seen several invaginations in various degrees. The membrane at the site of the invaginations appears to be coated with a thin layer of fibrillar material (Fig. 6 ). These polychromatic erythrocytes eventually become reticulocytes.
In the nucleus of reticulocytes, the clumping of chromatin is more prominent. This observation may suggest that the nucleus of reticulocytes is more inactive metabolically than that of more immature cells. The cytoplasmic matrix becomes uniformly osmiophilic as the hemoglobin synthesis progresses, and the number of ribosomes decreases, though ribosomes are still present and many of them are in the form of polyribosomes. Mitochondria and endoplasmic reticulum are present, but in limited numbers. Finally, the mature erythrocytes show osmiophilic cytoplasm with few ribosomes, if any (Fig. 1) . The nucleus shows a coarse pattern of condensed chromatin and the interchromatin spaces appear to be replaced by a 8 The anterior end of a lmerozoite. Two teardrop-shaped, paired organelles (Po) extend to the tip of a conoid (C). The longitudinlal section of the conoid reveals a slight indentation at its tip. The thick inner meml)rane appears to end at the base of the conoid. X 50,000. Trop. Med. and Hjg. 3:1008, 1954 ). We use the term to refer to the truncated anterior end, demarcated by polar rings, since there seems to be no better term to identify the cone-shaped anterior end. Gustafson et al. used the term "conoid" to refer to the dense cone-shaped structure inside the anterior end which we have not found in the merozoites of avian malarial parasites. FIGURE 12 A young uninuclear trophozoite of P. elongatum is surrounded by an irregularly aligned membrane of host cell origin (arrow). The parasite possesses a nucleus (N), a remnant of conoid (C), and ribosomes. X 48,000. material which has an appearance similar to that of hemoglobin in the cytoplasm. Mitochondria and endoplasmic reticulum are sparsely present in the mature erythrocytes.
Parasites
In this study, we refer to P. elongatum which grows in bone marrow and peripheral blood as the asexual stages of P. elongatum and we do not differentiate between the exoerythrocytic stages and the erythrocytic stages, since P. elongatum found in the mature erythrocytes (i.e. erythrocytic stages) is almost identical with that in the cells of bone marrow other than erythrocytes (i.e. exoerythrocytic stages). Furthermore, it is almost impossible to draw a line between the erythrocytic and exoerythrocytic stages because the maturation of the host cells of P. elongatum is a continuous process.
In the merozoite of P. elogatum are found the same organelles as those seen in the exoerythrocytic merozoites of P. fallax (13) and the erythrocytic merozoites of P. fallax, P. lophurea, P. cathemerium (1) , and P. gallinaceum (3) (Fig. 7) . These organelles are: conoid, paired organelles, dense bodies, cytostome, mitochondrion, spherical body, nucleus, endoplasmic reticulum, and ribosomes. In this paper, emphasis will be placed on the organelles which appear to differ from those of other avian malarial parasites.
The conoid, a structure located at the anterior end, is similar among these parasites and appears in longitudinal sections as an inverted funnelshaped protrusion (Fig. 8) . The tip of the conoid is indented and the ductules of the paired organelles appear to extend to the indentation (Fig.  8) .
The uniformly osmiophilic, paired organelles in longitudinal sections appear to be teardrop in shape and thus similar to those seen in the erythrocytic merozoites of other avian malarial parasites ( Fig. 8) , whereas the paired organelles of the FIGUIIE 13 Another example of a uninuclear trophozoite. The additional melllbrane (Arm) of host cell origin in this stage is closely aligned with the pellicle of the parasite. The parasite is still partially covered by the pellicle of the merozoite which is composed of a thin outer (Om) and a thick inner mlenblrane (1m), and a layer of nicrotubules (Mt). However, a breakdown of the thick inner membrane and the layer of ticrotubules has occurred (arrows), and this side is covered only by a thin outer imembrane of the boerozoite in addition to the membrane formed by the host cell. Fronl the additional membrane of host cell origin, fine fibrils radiate outAward to the host cell cytoplasm, creating the appearance of a halo around the parasite. A remnant of conoid (C), the cytostoite (Ct), the nucleus (N), and a possible bolus (B) are observed in this parasite. X 56,000. exoerythrocytic stages of P. fallax are more elongated and extend deep into the cytoplasm of the parasites. The small dense bodies with the same density as that of paired organelles are as few as those of the erythrocytic stages and fewer than those of the exoerythrocytic stages (Fig. 7) . The cytostome is located anteriorly about one-third of the distance between the conoid and the posterior end of the merozoite (Fig. 7) , whereas the cytostome of the exoerythrocytic and erythrocytic stages of' other parasites is, in general, located midway between the anterior and posterior ends. The cytostome of P. elongatum is approximately the same in size as that of other avian malarial parasites ( Fig. 9 ) and measures 170--200 mp in the inner diameter.
Each merozoite possesses a large oval mitochondrion located posterior to the nucleus (Fig.  7) ; it measures 500 my in diameter and has a few microtubular cristae (Fig. 10) . Occasionally, we observed the infolding of inner membrane of a mitochondrion which then forms microtubular cristae. On the other hand, the mitochondrion of the exoerythrocytic and erythrocytic stages of other parasites is crescentic in shape and is partially wrapped around the spherical body. The cristae of mitochondria appear to be fewer in number in the asexual stages of P. elongatum than in those of other malarial parasites. On the other hand, the spherical body of P. elongatum, which is always anterior to the mitochondrion, appears to be in contact with the slightly indented area of the mitochondrion, but not enveloped by the mitochondrion (Fig. 10) . The spherical body is limited by an undetermined number of several membranes, and its matrix is electron translucent with scattered granular particles, but no other structures are observed (Fig. 10) . A few cisternae of endoplasmic reticulum are occasionally present and are mostly of the rough type (Fig. 7) . A few intensely osmiophilic, round-to-oval bodies are seen in the cytoplasm of the parasite and sometimes they are near the base of the cytostome (Fig.  9 ). These bodies appear to be surrounded by a single membrane; in some sections, the content of these bodies is aggregated at one side, leaving the other side a clear space.
The oval-to-round nucleus is always situated in the center of the merozoite of all these parasites (Fig. 7) . The chromatin material is clumped at the periphery, but the granules of condensed chromatin are not so coarse as those observed in the nucleus of the host cell nucleus, and small granules or fibrils are scattered in the interchromatin spaces. In the cross-section through the nucleus of the merozoite, the nucleus appears to occupy most of the parasite (Fig. 11) .
The pellicle of the merozoite is composed of an outer membrane, a thick inner membrane, and a layer of microtubules, as we have observed in the exoerythrocytic stages of P. fallax (13) and the erythrocytic stages of P. fallax, P. lophurae, and P. cathemerium (1) . The outer membrane surrounds the entire surface of the merozoite. The thick inner membrane appears to be composed of two closely aligned unit membranes and measures 150 A in thickness (Fig. 11) . In thin sections, this membrane demonstrates irregularly arranged interruptions (Fig. 10 ). Beneath these membranes is a layer of microtubules, measuring 180 A in diameter, which appear to radiate from the conoid. We have not so far observed microtubules entirely around the cross-sections of the merozoites of P. elongatum or of P. fallax, P. lophurae, and P. cathemerium.
After the merozoites are released from the host cell and attack new host cells, the dedifferentiation, growth, and redifferentiation phases follow, as observed in other avian malarial parasites. As soon as the parasite enters a new host cell, an additional membrane, beside the membrane of the merozoite, forms around the parasite and separates the parasite from the host cell cytoplasm. In the early stages of the infection, this additional membrane surrounds the parasite irregularly so that a narrow, irregular space of very low density appears around the parasite (Fig. 12) . However, as the parasite grows, this space becomes narrower and the additional membrane becomes tightly aligned with the original membrane of the merozoite (Fig.  13 ). These observations suggest that the additional membrane is of host cell origin. Around the additional membrane are fine fibrillar filaments which radiate into the host cell cytoplasm (Fig. 13 ) and, in low magnification, give the appearance of a halo around the parasite. This is not evident in the parasites which inhabit a mature erythrocyte. In the growth phase, the thick inner membrane and the layer of microtubules break down (Fig. 13) , FIGUREs [14] [15] [16] [17] [18] [19] These six micrographs demonstrate in sequence the process of ingestion of host cell cytoplasm by the cytostome (Ct). The cytostomal cavity of Fig. 14 contains few particles and fibrillar material. The invagination of host cell cytoplasm into the cytostomal cavity is surrounded by a double membrane, the outer one (single arrow) being from the wall of the cytostome and the inner one (double arrows) from the outermost membrane of host cell origin. Fig. 15 demonstrates the cytostome (Ct) of a parasite in a reticulocyte containing abundant hemoglobin. The cytostomal cavity also contains abundant hemoglobin. The parasite of Fig. 16 infects the erythroblast. The cytostomal cavity contains numerous ribosonmes which appear in aggregate. Fig. 17 shows that the cytostome of P. elongatum (infecting a polychromatic erythrocyte) has pinched off a small portion of host cell cytoplasm (bolus (B)) which is surrounded by a double membrane, the outer one (single arrow) originating from the wall of the cytostome and the inner one (double arrows) from the membrane formed by the host cell around the parasite. Fig. 18 illustrates that the orifice of the cytostome has been sealed off by a newly formed membrane, after bolus formation. The dark segmented lines, however, can be seen at their original position (arrow). The cytostome in a growing trophozoite starts to function as soon as the parasite enters the host cell (Figs. 14 19) . A similar phenomenon has also been observed in the erythrocytic stages of other malarial parasites; but not in the exoerythrocytic stages. The cytostomal cavity first appears to enlarge by increasing its depth and ingesting the host cell cytoplasm without changing the diameter of the cytostomal orifice.
The bulge of host cell cytoplasm in the cytostomal cavity is always surrounded by a double membrane (Fig. 14) . 'IThe outer one originates from the wall of the ctostome and the inner one originates from the additional membrane which probably is formed by the host cell. The latter usually appears to be thicker than the former (Fig. 14) . The distance between these two membranes is about 200 A, which is the same as the distance between the outer membrane of the parasite and the additional membrane formed by the host cell surrounding the parasite. From the latter membrane, fine fibrils which radiate to the cavity containing the bulge of host cell cytoplasm closely resemble the fibrils radiating outwardly from the additional membrane (Fig. 14) .
When the bulge of host cell cytoplasm in the cytostomal cavity reaches a certain size, it pinches off at the orifice of the cytostome, creating a small rounded body with approximately the same diameter as the cytostomal orifice (Fig. 17) . This small round body is surrounded by a double concentric membrane; the distance between these two membranes is again the same as that between the outer membrane of the parasite and the additional membrane probably formed by the host cell. From the inner concentric membrane, fine fibrils again radiate inward (Fig. 17) . When the host cells are young cells, such as stem cells, erythroblasts, and polychromatic erythrocytes, whose cytoplasm contains abundant ribosomes, the center of the small round body contains a cluster of ribosomal particles (Figs. 17, 19 ). We will refer to this small rounded body as a "bolus," since it appears that this small body containing host cell cytoplasm is the food material for the parasite.
As soon as the bolus is pinched off from the cytostome, the orifice of the cytostome is sealed off by a membrane, the outside of which is again surrounded by a membrane formed by the host cell (Fig. 18) . At this stage, the two dark, short segments of the lateral wall of the cytostome remain at the original site, but the membrane which originally formed the base of the cytostome can no longer be seen (Fig. 18) . This observation suggests that the membrane of the cytostomal wall has been pinched off together with the bolus and has been used as a surrounding membrane of the bolus. After the formation of a bolus by the cytostome, the protrusion of the host cell cytoplasm through the cytostomal cavity again occurs (Fig. 19) , and the cytostome repeats the same process thus forming several boluses. These observations appear to differ somewhat from observations of the erythrocytic stages of P. fallar, P. lophurae, P. cathemerium, and P. gallinaceum. In these parasites, boluses bud off from the wall of the cytostomal cavity while the cytostomal cavity still contains the host cell cytoplasm, and the sealing off of the cytostomal orifice has not been encountered. FIGURES 
20-25 The boluses (B) seemingly move into a large digestive vacuole (Dv)
where their digestion occurs. Fig. 20 (X 68,000) demonstrates that a bolus containing host cell cytoplasm is in close contact with the digestive vacuole. Fig. 21 (X 68,000) shows a bolus (B) within a digestive vacuole. Fig. 22 (X 62,000) demonstrates many boluses within a large digestive vacuole. As the digestion process progresses, the appearance of boluses changes. Notice that some boluses are darker (arrows) than others. Fig. 23 (X 62,000) demonstrates another example of a digestive vacuole, with two intensely osmiophilic bodies in contact (0). The digestive vacuole in Fig. 24 (X 62,000 ) contains a few malarial pigment particles (Mp) which suggest that the parasite digested host cell hemoglobin. Fig. 25 (X 62,000) shows a large digestive vacuole containing a bolus which is markedly dense, but individual ribosonsal particles are hardly seen. This indicates the progress of the digestion of te bolus. Clusters of membranous fragments are also seen in this vacuole.
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TIE JOURINAL OF CEL. BOLOGOY VOLUME 34, 1967 'The boluses thus formed stay free within the cytoplasm of the parasite for awhile (Fig. 20) and eventually merge into a single membrane-bounded large vacuole (Fig. 21) . Sometimes, several boluses are observed in this large vacuole (Fig. 22 ). We will refer to this vacuole as the 'digestive vacuole," since the digestion of these boluses containing host cell cytoplasm apparently takes place within this vacuole as indicated by the changes in appearance of these boluses.
First, the ribosomal particles in the bolus aggregate and the center of the bolus increases in density (Fig. 25) . In the next stage, the outer membrane of the bolus disappears and the inner membrane is eventually disrupted, releasing its contents into the space of the digestive vacuole. In the final stage of the digestion, fragments of membrane system and small dense particles are scattered within the digestive vacuoles (Fig. 29) . When the parasites arl found within a cell which is largely composed of hemoglobin, such as a reticulocyte and mature erythrocyte, the digestive vacuole demonstrates a cluster of malarial pigment particles (Fig. 24) which are similar to ones seen in the erythrocytic stages of P. fallax, P. lophurae, P. cathemerium, and P. gallinaceum. It appears that the production of malarial pigment particles is directly related to the amount of hemoglobin in the host cell. The intensely osmiophilic bodies which are often seen at the base of the cytostome in the merozoite are sometimes found near the digestive vacuoles or in contact with the digestive vacuoles (Fig. 23) .
While the digestive process is taking place, the parasite begins a process of schizogony as observed in the exoerythrocytic and erythrocytic stages of other avian malarial parasites. The nuclear FIGURE 6 A schizont of P. elongatum showing two nuclei (N), mitochondria (M), endoplasmic reticulum, intensely osmiophilic bodies (0), and ribosonies. One of the nuclei demonstrates spindle fibers (Sf) radiating from the nuclear membrane, and along these fibers are small dense granules (arrows). Along the pellicle of the parasites, two segments of thick inner membrane (Im) cover the parasite, and these regions are slightly elevated. Notice the bundle of mlicrotubules (Mt) along the periphery of the late polychromatic erythrocyte. X 42,000. division appears to be initiated by the appearance of spindle fibers which radiate from a flat dense structure situated at the nuclear membrane (Figs.  28, 29) . As we shall see, the term "centriolar plaque" has been applied to a similar structure in the nuclear division of yeast by Robinow and Marak (25) , and it seems appropriate to apply this term to this structure in malarial parasites. The spindle fibers measuring 180 A in diameter radiate from these plaques in fanlike fashion (Figs.  26, 28, 29 ). Along these fibers are seen electronopaque particles (Fig. 26) measuring about 250 A which may possibly be chromosomes, as we have observed in the erythrocytic stages of P. fallax, P. lophurae, and P. cathemerium. At this stage of the nucleus, the clumping of chromatin material is not so evident and only scattered granules or fibrils are observed. The nuclear membrane does not disappear during nuclear division, nor is it interrupted except in the region in which centriolar plaques are situated. Eventually, the nucleus becomes elongated and daughter nuclei are formed. By repetition of these processes, several nuclei are formed in a schizont.
As the nuclear division is in progress, the cytoplasm shows remarkable changes which have also been demonstrated in the other avian malarial parasites. After completion of several nuclear divisions, the cytoplasmic organelles which had disappeared at the beginning of the trophozoite development reappear.
First noted are random segments of the thick inner membrane of the merozoite pellicle, usually opposite the nuclear interruption (Figs. 28, 29) , FIGUJE '27 A schizont of P. elongatunm. The portions covered by thick inner membrane (Im) appear to protrude into the space between the membrane of host cell origin and the pellicle of the parasite. Beneath these thick inner membranes are paired organelles (Po) and nuclei (N), in one of which spindle fibers (Sf) are seen. The digestive vacuole (Dv) is located in the center of the schizont and contains several membranous fragments. Some intensely osmiophilic bodies (0) are situated near the digestive vacuole, and occasionally their content of osmiophilic material is aggregated at one side. Mitochondria (M) and endoplasinic reticulum are prominent. X 36,000. FIGIIE 28 A high nlagnification micrograph of a schizont. A centriolar plaque (Cp) is located at the nuclear envelope, and from it spindle fibers (Sf) appear to extend into the nucleus (N). At the cytoplasmic side around the centriolar plaque, dense Illaterial seems to be aggregated. Opposite this area, the thick inner membrane (Im) covering a portion of the parasite surface is present. Fronl this region a new nlerozoite will lie formed. An oval osmliophilic body of paired organelles (Po) is seen near this area. X 70,000.
together with the reappearance of a layer of microtubules and a conoid. Shortly thereafter, two oval bodies with dense granular matrix surrounded by a single membrane, the precursor of paired organelles, can be observed in the interior of each segment of the reconstituted thick inner membrane (Fig. 29) . These bodies become uniformly denser as the process of the merozoite formation progresses. The area which is covered only by the thick inner membrane starts to protrude into the space (Figs. 27, 29) which is formed between the parasite membrane and the additional membrane probably formed by the host cell. Areas which are not covered by segments of thick inner membrane apparently do not protrude into the space and do not form merozoites. At the base of the protrusion of the merozoites where the thick inner membrane terminates, the inner membrane appears to be thicker than it is elsewhere along its course. (Fig.  7) .
With the progress of merozoite budding, various organelles including nucleus, mitochondrion, and spherical body, together with endoplasmic reticulum and ribosomes, flow into the developing merozoites from the mother schizont. As the merozoites develop and grow, the size of the mother schizont decreases and only a large residual body with a few scattered particles is left behind. In the final stage of merozoite budding of P. elongatum, the residual body is usually located at one end of the parasite (Fig. 7) , whereas the residual body of the erythrocyti: stages of P. fallax, P. lophurae, and P. cathemerium is located in the center of the schizont. 
DISCUSS[ON
Electron microscope observations of the asexual stages of P. elongatum from the bone marrow and peripheral blood of canaries revealed that these stages are markedly similar in both the fine structures and in the sequence of development to both the exoerythrocytic stages of P. fallax (13) and the erythrocytic stages of P. fallax, P. lophurae, and P. cathemerium (1) . All of these merozoites demonstrated similar complex organelles, though some morphological differences in details were apparent. The function of these organelles in these parasites has been discussed previously; the same organelles in P. elongatum probably have similar functions.
A short review of these functions follows. The conoid may possibly be the device for the penetration of the host cell. The paired organelles (originally named by Garnham and his colleagues (10)) and dense bodies may contain proteolytic enzymes which exude from the tip of the conoid and assist the penetration of the parasite into a new host cell. The cytostome is involved in ingestion of the host cell cytoplasm, when the merozoite enters a new host cell and starts to grow (2) . The spherical body may be the energy reservoir for the mitochondrion which is located near the spherical body. The microtubules of the pellicular complex may be responsible for the motility of the merozoite, and the thick inner membrane may give rigidity. The function of the intensely osmiophilic bodies will be discussed later.
the sequence of development after the merozoite invades the host cell is also identical among these avian malarial parasites in that dedifferentiation, growth, and redifferentiation phases take place. Of particular interest in this sequence of development is the additional membrane around the newly entered parasite. Questions have arisen as to whether the additional outermost membrane of the trophozoite is part of the parasite or is formed by the host cell. Evidence from this study favors the hypothesis that this membrane is formed by the host cell. First, the merozoite which has just entered the new host possesses all of its pellicular complex. Seemingly in response to the invasion, an additional outermost membrane is formed. As the thick inner membrane and the layer of microtubules break down, the parasite is left surrounded by two membranes. The inner one is the membrane which was originally the outer membrane of the merozoite, and the outer membrane of this stage of the parasite is the additional membrane which appeared after the merozoite invaded a new host cell. In young trophozoites, there is an irregular space between the additional membrane and the pellicular complex of the merozoite. As the parasite grows, the space becomes narrow so that this additional membrane and the pellicle of the trophozoite are closely aligned. This condition lasts until the new merozoites begin to bud off. Then, a space is again created around the parasite and widened as the budding process progresses. If the additional outermost membrane were a part of the parasite, one would expect to observe it tightly aligned with the rest of the membrane of the parasite during this development. In the recent electron microscope study on the invasion of Salmonella typhimurium into the intestinal epithelium of the guinea pig, Takeuchi (32) observed the process of the membrane formation around the bacteria by the host cell. A similar process may possibly take place upon the entry of the malarial parasite into the host cell.
The complex, but coordinated changes of the parasite during development are remarkable phenomena when observed under the electron microscope. The disappearance of the organelles of the merozoite in the dedifferentiation phase indicates that these organelles have been utilized on the entry of the host cell and are no longer needed for the growth of the trophozoite (1, 13) .
Nuclear division of the asexual stages of P. elongatum resembles, to a certain extent, that of yeast reported by Robinow and Marak (25) . In the nucleus of yeast, bundles of hollow 150 180-A filaments or tubules run between points on the nuclear envelope. The authors described instead of a centriole a flat, broad, dense structure situated in large pores of the nuclear envelope at each end of the filaments, and they referred to these dense structures as "centriolar plaques." Those observations on the filaments and centriolar plaques in yeast appear to be similar to our observations on the nuclear division of P. elongatum. However, the authors did not observe any structure resembling chromosomes along these filaments, and they reported that these filaments occasionally lie cross-wise in elongated nuclei. Therefore, they suggested that the main contribution of the filaments to the division of the nucleus is form-giving rigidity rather than force for the nuclear division. In the asexual stages of P. elongatum, we occasionally observed dense granules, which may represent chromosomes, along the spindle fibers (filaments). We do not know whether the spindle fibers in malarial parasites contribute rigidity to the nucleus or supply the force for the nuclear division to carry the chromosomes to each daughter nucleus. Similar observations on the chromosomal structures and spindle fibers are reported for the erythrocytic stages of P. fallax, P. lophurae, and P. cathemerium (1) .
From the site of discontinuity of the nuclear membrane where the centriolar plaque is situated, some components of the nucleus may possibly be secreted into the cytoplasm and may induce the creation of the organelles needed for the new merozoites. This assumption is supported by the fact that the redifferentiation phase takes place only after the nuclear division has occurred. Another observation in support of this assumption is that segments of the thick membrane together with conoid and paired organelles are usually seen opposite the site of the interruption of the nuclear membrane.
The appearance of the thick inner membrane from which the merozoites bud off is a phenomenon similar to the budding process observed in viruses of avian myeloblastosis described by de ThM and his associates (7) . In virus budding, thicklayered nucleoid material appears at the vicinity of the outer membrane surface at the point where the virus buds off, whereas no budding takes place in areas in which nucleoid material is not present.
Though the fine structure analysis of the asexual stages of P. elongatum has demonstrated that the organelles and the sequence of the development are similar to those of the exoerythrocytic and erythrocytic stages of avian malarial parasites, we also found some differences. A particular difference demonstrated by electron microscope is the feeding process. Aikawa and his colleagues have reported the presence of the cytostome in the exoerythrocytic stages of P. fallax (2) and in the erythrocytic stages of P. fallax, P. lophurae, and P. cathemerium (2) , and lately of P. gallinaceum, P. knowlesi, and P. cynomolgi (3) . They have demonstrated that the cytostome in the erythrocytic stages of these malarial parasites is active in ingesting host cell cytoplasm, whereas evidence of activitLy in the cytostome of the exoerythrocytic stages was not seen. Furthermore, food vacuoles were never observed in the exoerythrocytic stages of P. fallax, and the cytostome was much reduced in size. Since the host cells of the exoerythrocytic stages have a much more heterogeneous and probably a nutritionally more complete form than erythrocytes, the authors suggested that simple diffusion of nutritional material from the host cell may supply an exoerythrocytic trophozoite with all the precursors necessary for its metabolic activity. They indicated that dramatic changes should occur in the size of the cytostome when the exoerythrocytic merozoite differentiates into a merozoite capable of invading a red blood cell. The cytostome of P. elongatum, on the other hand, appears to be the same in size throughout the asexual stages whether they are infecting erythrocytes or other types of cells. Furthermore, we have strong evidence that the cytostome is functionally capable of ingesting host cell cytoplasm in both erythrocytes and nonerythrocytes. This observaion may be peculiar to the asexual stages of P. elongatum, or may suggest the possibility that the parasites infecting immature cells of bone marrow and mature erythrocytes are in the same stages and that the asexual stages of P. elongatum may have a wider spectrum of infective ability with respect to various cell types. This possibility may also be supported by the morphological similarity of the asexual stages, wherever they grow.
The process of ingestion of host cell cytoplasm through the cytostome of P. elongatum appears also to differ from that of the erythrocytic stages of other malarial parasites, P. fallax, P. lophurae, P. cathemerium, and P. gallinaceum (1) (2) (3) . In the latter parasites, the host cell cytoplasm appears to be pinched off from the wall of the enlarged cytostomal cavity, and the cytostomal cavity is always filled with host cell cytoplasm. Furthermore, host cell cytoplasm pinched o.f from the cytostomal wall is always surrounded by a single membrane. The process of sealing off of the cytostomal orifice after the formation of a bolus is never encountered. In the asexual stages of P. elongatum, however, the base of the cytostome, along with the membrane of the host cell which protruded into the cytostomal cavity, is pinched off with the host cell cytoplasm, and a new membrane is immediately formed at the orifice of the cytostome. This new membrane is in close relation to the host cell cytoplasm, and it may possibly be more suited for the ingestion of the host cell cytoplasm into the cytostomal cavity, whereas red cell cytoplasm may flow easily into the cytostomal cavity without a great deal of active force being supplied by the parasites because it is, unlike the cytoplasm of immature cells, mainly composed of hemoglobin and is generally known to be in a more semiliquid state (4). In any event, the two dark-stained short segments which form the lateral wall of the cytostome must play an important role in the pinching off of the host cell cytoplasm.
The bolus which apparently supplies host cell cytoplasm to the parasite has the appearance superficially of some avian tumor viruses such as avian erythroblastosis virus (12) and myelobalstosis virus (7) . At the beginning of our research, we considered the possibility that these bodies might represent one of these viruses, but it was unlikely because we have never encountered a cluster of these bodies nor observed them in the cytoplasm of the host cell. It seems to us rather more likely that these boluses originate from host cell cytoplasm ingested through the cytostome. We have clearly demonstrated how the boluses are formed.
A different feeding mechanism has been proposed for malarial parasites. Recently Trager (33) indicated the possibility that malarial parasites may be capable of ingesting host cell cytoplasm by two processes, one involving the cytostome and the other the random invagination of the plasma membrane of the parasite which Rudzinska and Trager originally reported in P. lophurae in 1957 (27) . In the asexual stages of P. elongatum, however, the trophozoite is always rounded and no invagination of the plasma membrane was observed other than at the orifice of the cytostome. Thus, at least in the asexual stages of P. elongatum, the cytostome appears to be the only place in which ingestion of host cell cytoplasm occurs.
The bolus seen in the asexual stages of P. elonga-turn may be equivalent to a phagosome (6, 31) (a type of lysosome, in the broad sense of the word) which is formed as an invagination of the cell surface when cells take in proteins, microorganisms or inert particles. However, the bolus must be a special form of phagosome, since its formation can occur only at the site of the cytostome. Digestion of these boluses apparently occurs in the digestive vacuole. The origin of the membrane delimiting the digestive vacuole is not known, though it is possible that the membrane may be formed from the preexisting membranes such as those of the endoplasmic reticulum or Golgi apparatus (21) of the parasites. The process of disintegration and disappearance of boluses in the digestive vacuole in the asexual stages of P. elongatum is similar to the process in the food vacuoles of other protozoa, such as amoeba (26), Tetrahymena (19, 20) , and Paramecium (16, 20) . Using the electron microscope, Miller and his associates (20) demonstrated acid phosphatase activity in the food vacuoles of Paramecium and Tetrahymena, and more recently Elliott and Clemmons (8) have reported similar findings for Tetrahymena pyriformis. Apparently, the activity of acid phosphatase in these protozoa changes, depending upon the stage of digestion. Elliott and Clemmons also demonstrated bodies bounded by a single membrane in the vicinity of food vacuoles and observed that these bodies were acid phosphatase positive. They have called these bodies "primary lysosomes" and suggested that these primary lysosomes discharge their enzymes into the food vacuoles for the digestion of the contents. This concept is similar to that of lysosomal digestion in the cell which has been reviewed by de Duve (6) . Apparently the phagosome, which formed by invagination of the cell surface, unites with the primary lysosomes and acquires digestive enzymes from them. The resulting vacuole is called a phagolysosome or a digestive vacuole (6) . This term appears to us most suitable for the vacuole in which the bolus digestion occurs in P. elongatum, though we have not observed structures similar to the primary lysosomes nor the union of the digestive vacuole and the primary lysosomes. The only structures which might possibly appear to act as primary lysosomes are the intensely osmiophilic bodies often found near the base of the cytostome or adjacent to the digestive vacuoles. The literature contains only a few references on the presence of hydrolytic enzymes in malarial parasites (5, 18) .
In preliminary experiments (unpublished), with electron microscope cytochemical methods, we have tried to demonstrate acid phosphatase activity in the asexual stages of P. elongatum of bone marrow. However, we have so far failed to show any acid phosphatase activity in these digestive vacuoles or in the intensely osmiophilic bodies.
Moulder and Evans (18) showed that cell-free extracts of P. gallinaceum hydrolyze denatured horse globin, but not native globin. Cook and her associates (5) studied the action of the enzymes of the erythrocytic stages of P. berghei and P. nowlesi. In cell-free preparations of these parasites separated from the host cell, they obtained data which suggested the presence of at least two hydrolytic enzymes which will hydrolyze peptide bonds at both pH 4-5 and 8, and a more active enzyme with an optimum at about pH 8. It is not clear whether these enzymes are involved in the digestion of food particles or are present in other parts of the parasites, such as the paired organelles and dense bodies in the merozoites which probably contain proteolytic enzymes.
Clusters of malarial pigment particles are found only in the digestive vacuoles of parasites in host cells containing hemoglobin, as Huff and Bloom observed in a study with light microscopy (14) . Apparently, the end products in the digestive vacuoles are influenced by the nature of the host cell cytoplasm taken in by the parasites. The number of malarial pigment particles formed in the digestive vacuoles is a function of the amount of hemoglobin available in the host cell ctyoplasm. Furthermore, the appearance of malarial pigment particles seems to be related to the components of hemoglobin, and morphological differences in pigment were observed between avian and primate malarial parasites (3).
Several investigators (11, 30) have observed the development of the cells of the erythrocytic series by electron microscopy and have reported that immature cells such as stem cells and erythroblasts are rich in ribosomes which give the cells basophilic properties when stained for the light microscope. The more immature the cells, the more ribosomes there are in the ctyoplasm. Thus, the mature erythrocyte contains very few or no ribosomes. This observation likewise held true in our study of the cells of the erythrocytic series obtained from the bone marrow of canaries. In the case of immature host cells, the cytoplasm ingested by the parasites is very rich in ribosomes. It has been reported that isolated ribosomes usually contain between 35-60% RNA (29) , depending on the tissue or cell of origin. Most of the remaining material is protein; particularly, basic amino acid, and a small amount of lipid may be present. It is tempting to speculate that components of ribosomes are needed for the development of the asexual stages of P. elongatum, more so than for the other malarial parasites.
Whitfield (34) found much larger amounts of RNA in rat reticulocytes parasitized with P. berghei than in unparasitized ones. He indicated that these increases in RNA must have come from de novo synthesis of nucleic acid by the parasite, as indicated by the rapid uptake of radioactive phosphorus in plasmodial RNA during their growth. No data are available on the metabolism of RNA by P. elongatum, but we suggest that the asexual stages of P. elongatum may be less capable of synthesizing RNA.
